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Abstract 
This paper describes results from our effort to develop affordable technologies for sustainable rural development, 
particularly in regions that are plagued with energy poverty and where potable water is inaccessible. A hybrid 
renewable energy system (HRES) comprising photovoltaic array, battery, and biomass-fueled generator with gasifier, 
was developed. The system utilizes multiple conversion devices such that when combined, the weakness inherent in 
either is mitigated. Photovoltaic arrays serve the daytime energy need on days with high insolation, while excess 
energy is stored in a lead-acid battery. A 12kWel Prakash electric generator serves as the backup power, producing 
electricity and exhaust heat. This engine derives its fuel from a 50kWth Ankur downdraft gasifier that processes 
biomass feedstock to yield producer gas. Waste heat from the biomass fueled electric generator serves as thermal 
energy input to a Scarab AB air gap membrane distillation (AGMD) system. The AGMD module utilizes low-grade 
thermal energy applied to a salt-water solution also known as feed water, via a heat exchanger. This feed water of a 
known salt concentration is pumped into the hot inlet of the AGMD module, while the cold side of the membrane 
distillation module is maintained at a lower temperature using a heat sink. A cross-flow of the hot feed water and 
coolant water over a semi-porous membrane in the AGMD module results in a vapor pressure driven distillation of 
saltwater, which yields pure water. Result of the combined HRES and AGMD is a simultaneous production of 
electricity and pure water, also known as co-generation, which meets the need of a rural population. HOMER 
software was employed to analyze several configurations of the HRES, ensuring a reliable electricity production and 
an optimum sizing of the system. The overall result is an optimum levelized cost of energy (LCOE) of the system that 
falls below the population’s ability to pay, making electricity affordable, while also providing portable water for the 
rural community. The findings from this study suggest that co-generation using HRES and AGMD provides an 
affordable and reliable energy and water services that meet the needs of a rural community, thus a viable option for 
sustainable rural development. 
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1. Introduction 
Rural development lifts communities out of poverty. The scarcities of water and energy poverty in the 
rural communities reduce the quality of life particularly in the developing world. Today more than one-
sixth of the world's seven billion people live below the extreme poverty line with a daily income less than 
$1.25 [1]; and nearly 2.5 billion people live on less than US $2 a day [1]. Of these staggering statistics, 
about half of these poor communities live in Sub-Saharan Africa and more than a third in South Asia [4].  
A study published by the United Nations Development Program (UNDP) showed a relationship between 
human development index and electricity usage of a country [10]. It was illustrated that the more 
electricity that is consumed per capita in a country, the higher it is ranked on human development index 
[10]. Energy poverty, defined as the lack of access to modern cooking fuels and to minimal electric 
lighting for activities at sunset [2], affects about 2.5 billion people globally who still depend on biomass as 
fuel for cooking especially in South Asia and Sub Saharan Africa [11]. In Sub-Saharan Africa 89 per cent 
of the population depend on biomass energy in the form of firewood, dung and charcoal for their 
household energy needs [11].These fuels have a high toll on the individual’s time and on their finances 
and the purchasing of these fuels are a major part of their expenditures. Communities that are dependent 
on bioenergy for household use also pay with their health for the use of these fuels [11]. Another crucial 
resource, water, precisely fresh water resource is in limited supply. An estimated 1.3 billion people lack 
access to potable drinking water [3]. More than 780 million individuals, according to estimates do not 
have access to safe drinking water in their homes [12]. The World Health Organization estimates that 
about 884 million people in the world are still drinking water from outdated infrastructures and 2.6 billion 
do not employ appropriate techniques for sanitizing water [4]. Of the entire population who lack access to 
improved drinking water source, 84% lives in rural areas, and the other 16% lives in urban areas [5].  
Hence, the scope of this paper is to illustrate the use of affordable renewable energy technologies to 
solve the energy and water needs simultaneously in a rural community. 
 
Nomenclature 
 
HRES  Hybrid Renewable Energy System  
PV   Photovoltaic 
HOMER Hybrid Optimization Model for Electric Renewables 
AGMD  Air Gap Membrane Distillation 
LCOE  Levelized Cost of Electricity 
1.1. Background 
Today’s rural communities have seen the use of renewable energy systems to provide electricity. Many 
of the rural communities in the developing world are located in areas that have high insolation, and with 
the decline of the cost of solar panels, solar PV has become the growing source of energy for these 
communities. Effective wind as a source of energy is highly dependent upon the geographical location 
[16], which could pose a hindrance to its adoption in rural communities. Due to the intermittency of solar 
dependent sources of energy, some have turned to the use of hybrid systems. These hybrid systems 
consist of multiple conversion devices such that when combined, the weakness inherent in either is 
overcome. The most commonly used HRES in rural electrification include PV-Wind-Diesel, PV-Wind-
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Battery, PV-Diesel-Battery, PV-Wind-Diesel-Battery. The emissions and environmental issues related to 
the use of fossil fuel including soil and water degradation from oil spill can be resolved by the use of 
biogas in an internal combustion engine for power production. Although the use of biomass in the rural 
communities has been mainly subjected to cooking, it could also serve as a source of electrical power 
production when gasified in a downdraft or updraft gasifier.  
The problems associated with the PV and the biomass plant can be mitigated when the two are 
combined to generate electricity. During the pyrolysis process in a downdraft gasifier, the biomass 
generates a producer gas which can be used to operate a power generator. The waste heat from the 
exhaust of the power generator can then be reused in a membrane distillation module to desalinate water 
[14]. HOMER [13], a hybrid optimization tool developed by NREL, was employed to optimize the 
configuration of the renewable energy technologies. A case will be shown where the entire energy and 
water needs for a rural population in sub-Saharan Africa can be met using a PV-battery-biomass-AGMD 
system at a cost that is below the community’s ability to pay. 
2. Case Study: Umudike in Abia State, Nigeria 
A region of interest is a small community in Umudike, Abia State, Nigieria, which lies at a latitude of 
5.617 and longitude of 7.25. Results of the energy anaylsis by Ugwu et. al show that it costs about 47.74 
naira/kWh ($0.30/kWh) in operating diesel generators for self generation of electricity in Umudike [8], 
which is about four times greater than the region’s grid-connected tariff. The energy consumption for 40 
households from the community is estimated at 259 kWh per day as shown in figure 1. Most households 
rely on small petrol or diesel generators to produce electricity as the electricity from the national grid is 
highly unreliable (ref). The impacts of the petrol and diesel generators include air and noise pollution [9], 
health hazards and environmental degradation due to fuel spill on soil and water. This paper illustrates the 
use of a Hybrid Renewable Energy System (HRES) to meet the electricity and water needs for the 
community in Umudike, at a cost that is below the utility grid tariff of 12.20 naira/kWh ($0.08/kWh) in 
the area.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Load profile for 40 households in the Umudike community 
2.1. Method: 
The HRES consists of a photovoltaic (PV)-battery-biomass unit which produce electricity, and an air-
gap membrane distillation unit which utilizes waste heat from the biomass generator to purify water. The 
air gap membrane distillation module was analyzed to ascertain how much thermal energy is required to 
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desalinate water. A detailed description and analysis of the module is further discussed in Eziyi[14]. The 
PV-battery-biomass system configuration was optimized for size using HOMER, and from the result of 
the optimization, the amount of heat energy that can harnessed from the engine’s exhaust is analyzed. 
With this knowledge, the amount of pure water that can be produced by the combined system is 
estimated.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Hybrid Renewable Energy System schematic 
2.2. System Component inputs: 
HOMER models the following components for the simulation: Photovoltaic (PV), battery bank, inverter, 
and biomass generator. Their properties as input into HOMER are as follows: 
 
Table 1. Range of sizes of system components 
 
System Components Capital Cost 
($)  
Replacement 
Cost ($) 
O & M cost 
($)  
Efficiency (%)  Life   
PV array $2.43 per watt $2.43 per watt - 14.6% 25 years 
Battery bank $630 per unit $630 per unit - Range 10 years 
Inverter 
Biomass generator with gasifier 
Included in PV 
$1775 per kW 
Included in PV 
$1775 per kW 
- 
$0.19/hr 
96.5% 
Range 
15 years 
8760  hours 
 
The estimated cost of the PV is $2.43 per watt which includes the module cost, balance of system (BOS), 
and inverter costs. The variable for the PV array is its size, which ranged from 1kW to 120kW with 
increments of 1kW. The 2volts 3000AH HUAMO battery served as the energy storage for night time use. 
The variable for the battery is its size, which directly relates to the battery autonomy. The range of input 
of the battery was from 0 to 10 strings, with an increment of 1 string. Each battery string consists of 24 
series connected batteries with a usable capacity of 86.4kWh. The inverter was selected such that it can 
handle a peak load of 33kW. The variables for the biomass generator include the generator size and the 
hours of operation of the generator. Generator sizes from 0 to 34 kW were considered in increments of 1 
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kW. Generator hour fraction defined as the ratio of the hours that the generator ran in a day to the total 
time in one day, was varied from 0 to 1, (where 0 means no generator operation, and 1 means meeting the 
entire load demand by operating the generator at all times) by scheduling the operation of the generator at 
different times. The battery discharge curve and the generator efficiency curves as input to HOMER are 
shown in the figures 3 and 4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. HUAMO battery discharge curve 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Biomass power generator efficiency curve 
 
2.3. Economics Modeling Input: 
A project life of 20 years was assumed, with a 10% interest rate. There is no assumed system fixed capital 
or operation and maintenance (O&M) cost. The operation and maintenance cost of the system was the 
sum of all the variable costs that are directly associated with each system component. The PV had zero 
variable O&M cost, the battery being an absorbed glass mat (AGM) lead acid battery also had a zero 
O&M cost, and the variable O&M cost of the biomass generator was estimated at $0.005 per kWh. 
HOMER accepts generator O&M in $/hr, therefore, a $0.12/hr O&M cost was estimated for a 24kW sized 
biomass generator. 
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3. Results: 
The LCOE for all of the different system configurations were compared as the configuration with the 
least LCOE was chosen as the optimum system configuration. Figure 5 shows the variation of the 
levelized cost of energy with the battery autonomy and the operational hour fraction of the generator for 
each system configuration. From this figure, a global minimum was found at a generator operation hour 
fraction of 0.46, which corresponds to LCOE of 11.3 cents per kWh. This results in a system 
configuration that consists of a 24kW biomass generator that operates between 3a.m. to 7a.m. and 4p.m. 
to 12a.m. every day, one battery string with autonomy of 8.01hrs, and a 10kW PV. For an optimum 
configuration of the PV-battery-biomass system, selecting an appropriate time to run the generator was as 
vital as finding an optimum generator size. Based on the generator efficiency curve (fig. 4) and the load 
demand (fig. 1), the generator efficiency was less when operating in the morning hours than in the 
evening hours since the peak load in the morning hours was less than the evening peak load.  When 
operating a generator at much lower power than the rated power, efficiency of the generator significantly 
decreases. Operating a power generator at or near its rated power ensures a maximized efficiency in fuel 
consumption or power generation. Hence, operating the biomass generator in the morning hours only, 
yield a greater cost of energy from operating the same generator in the evening hours due to the 
difference in the load demand curves at these times. It is not uncommon, practically, for a generator to not 
operate at its maximum efficiency point, since the load demand is not constant throughout the day (ref). 
The results of the analysis showed that a system that consists of a 24 kW biomass generator, which 
operates between 3am to 7am and 4pm to 12am every day, one battery string with autonomy of 8.01hrs, 
and a corresponding 10kW PV yield an optimum system configuration with LCOE of 11.3¢/kWh.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Variation of LCOE with biomass generator hour fraction and battery 
 
Overall results show that a PV-battery-biomass system is a viable system that can generate electricity at a 
much cheaper cost than from fossil fuel for the Umudike community, and has all the benefits of reduced 
emissions which conventional systems do not possess. In figure 6 that illustrates the power profile of the 
hybrid renewable energy system in a typical day, the total load demand was met for all the days in the 
entire year, as a result, the "Electrical Load (kW)" curve is directly hidden behind the "Electric Load 
Served (kW)" curve. 
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Fig. 6. A typical day of the hybrid renewable energy system in Umudike 
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Fig. 7. Permeate flux vs. Heat rate 
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Fig. 8. A typical day of the hybrid renewable energy system with the AGMD in Umudike. 
 
 
An extensive analysis on the energy production and heat recovery from the biomass gasifier system used 
in this analysis can be found in Roesch [15]. Based on the reported energy analysis of the biomass gasifier 
and the power generator, a heat recovery of 28% can be achieved. This results in a total daily thermal 
energy of 570kWhth that can be harnessed from the exhaust heat of the biomass power generator for use 
in the AGMD. An extensive analysis of the AGMD is documented and can be found in Eziyi [14]. The 
reported results of the AGMD module showed that the amount of pure water flow rate, termed the 
permeate flux, Jo (kg/m2h), that can be produced by the module at any time is linearly dependent on the 
amount of thermal energy that is supplied to the feed water as shown in figure 7. A best fit line of the plot 
of permeate flux, Jo (kg/m2h) versus the rate of thermal energy supplied to the feed water, also called the 
heat rate, Q (kW) for different salt concentrations (in grams per liter) produces the equation 1.  
 
Jo=0.3761*Q-1.3535     (1) 
 
In addition, the energy consumption of the AGMD module is not affected by the concentration of the feed 
water as also shown in figure 7. When the AGMD was combined with the PV-battery-biomass system, an 
additional parasitic electric load of the water pumps, and the heat exchanger totalling 1.06kWel were also 
raised and input to HOMER as shown in figure 8. The  result of the overall configuration of the PV-
battery-biomass-AGMD was an affordable and uninterrupted power supply for the Umudike community, 
and a daily production of some 333 liters of drinking water, considering an AGMD unit that operates at 
feed water temperature >70oC, and consumes about 1.066kWhth per litre of water produced. This amount 
of water is capable of serving 166 persons assuming that each person consumes about 2 litres of water per 
day [17]. The additional electric energy demand of the water pumps and heat exchanger were modelled to 
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operate at the same time as when the generator runs. Figure 8 shows the total load profile of the electric 
and thermal loads together being served by the hybrid renewable energy system with the AGMD. 
Capital cost of the selected hybrid renewable energy system can be broken into cost of each system 
component. The generator-gasifier system holds the most cost at 46% of the capital and 52% of the net 
present costs while the PV and inverter takes up 33% of total capital cost, 25% of the NPC and the 
remaining goes to the battery bank. For all of the LCOE and NPC calculations, a 10% discount rate and a 
system life of 25years were assumed. Total net present cost for 25years project life is $97,437 while the 
system's initial capital cost is summed at $73,595. 
 
 
4. Conclusions 
For Umudike, the results of our analysis  show that the hybrid renewable energy system together with the 
air gap membrane distillation system generates electricity and water at a cost ($0.11 per kWh) that is 
below the community's ability to pay ($0.30 per kWh).  
This additional benefit of purifying water with the waste heat not only serves the energy and water 
needs of the community, it further reduces the overall LCOE of the entire system, thus an affordable 
technology for a sustainable rural development. 
At the energy cost of 11.3 ¢/kWh, the hybrid renewable energy system is about 30% cheaper than 
serving the electrical load demand of the community with petrol and diesel fuel. 
A limitation to this study is that results of the optimization were mostly based on inputs that were not 
actual site data such as the solar radiation, and the temperature profile of the location. These inputs are 
based on algorithm or averaged past data of the location. Therefore, real application of this technology 
might yield a slight difference in calculated result from the actual. 
Little is known of the long term performance of modified natural gas power generators which run on 
producer gas as compared to the performance of diesel and petrol generators. Therefore, actual 
replacement cost which also affects the life of the system may differ from the calculated results. 
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